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CHAPTER
5 Amidst death and defeat, the unsuccessful invasion of Escherichia coli still causes 
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Abstract
There has recently been a surge of literature examining both the patterns 
and mechanisms of microbial invasions. While invasion resistance is often 
positively related with microbial community diversity, few studies have 
attempted to assess the consequences and impacts of microbial invasions. 
In this study, we experimentally examined soil microbial communities 
before and after an invasion, and we assessed the potential impacts of 
this phenomenon by measuring four community and bacterial-associ-
ated parameters: (i) alpha diversity, (ii) taxonomic structure, (iii) niche 
breadth, and (iv) niche structure. These factors were examined by creat-
ing diversity gradients of soil microbial communities that were prepared 
with two separate source soils via the dilution-to-extinction method; 
upon resident community colonization, microcosms were invaded with 
a non-pathogenic derivative of telluric invader, Escherichia coli O157:H7. 
We observed increases in alpha diversity upon invasion, and these increases 
were paired with significant shifts in taxonomic structure. Furthermore, 
shifts in taxonomic structure were associated to a consistent selection 
of certain OTUs across both gradients and all diversity treatments. We 
also observed increases in niche breadth that were paired with shifts in 
niche structure. Mantel tests showed that taxonomic and niche shifts 
were linked, as were the appearance of emergent taxa and newly occupied 
niches. Taken together, these data suggest that an invader ill-adapted 
to the soil actively competed for resources with the resident microbial 
community, which in turn lead to the selection of specific bacterial taxa 
that explore niches uncolonizable by the invader. Even more telling is 
that these impacts were observed across an experiment where invasion 
was never successful.
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Introduction
The recognition of biological invasions and the influence of biological 
diversity on the invasion process is as old as Darwin’s theory of natural 
selection (Darwin 1859), and invasion theory has continually been refined 
since the first modern explanation of invasion resistance by Elton (1958), 
which postulated that more diverse ecosystems resist invasion better than 
less diverse ecosystems (i.e., the ‘diversity-invasion relationship’). However, 
the refinement of invasion theory has mostly been based off observations 
of macroorganisms, and microorganisms were until only recently absent 
from the conversation. The incorporation of microorganisms into invasion 
research, as well as the sheer recognition of microbial invasions, came with 
the realization that many microbes display biogeographical patterns and 
increasing reports of non-indigenous microbes spotted in novel territories 
(Fierer 2008, Litchman 2010). This has launched a recent interest into dis-
covering the patterns and mechanisms associated with microbial invasions, 
not only because they aid in determining the distribution and diversity of 
microbes across the globe but also because of the promise of harnessing an 
ecological framework for creating sustainable approaches to dealing with 
microbial invaders in practical settings, such as pathogen control in agricul-
ture and medicine (Costello et al. 2012, De Schryver and Vadstein 2014).
A common theme that has emerged from laboratory studies of micro-
bial invasions is the influence of biological diversity on invasion resistance. 
Several independent studies using both in situ and in vitro systems have 
found evidence of the diversity-invasion relationship in microbial com-
munities (van Elsas et al. 2012, Vivant et al. 2013, Jousset et al. 2011, 
Eisenhauer et al. 2013, De Roy et al. 2013). Furthermore, the mechanisms 
governing this relationship are also linked to diversity and the availability 
of resources. As diversity increases, the resident community is better able to 
exploit resources that results in little sustenance for any invading population 
(De Roy et al. 2013, Mallon et al. 2015). However, an influx of resources 
can uncouple the negative relationship between diversity and invasion, 
seemingly restarting the invasion process anew (Mallon et al. 2015).
While we have a more insightful understanding of the patterns and 
mechanisms underlying microbial invasions, far less is known about the 
impacts invaders cause on resident communities. Evidence from macroeco-
logical invasions indicates that invasive species have the potential to alter 
the species richness, evenness, and composition of resident communities 
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(Zavaleta and Hulvey 2004, Maron and Marler 2008, Hejda et al. 2009, 
Flory and Clay 2010). Although little attention has been paid to the mech-
anisms that control these alterations, invasive plants can alter nutrient 
availability (e.g., nitrogen) in their introduced territories and their high 
competitive ability on limiting resources relative to residents likely con-
tributes to structural and functional impacts on the resident community 
(Maron and Marler 2008, Levine et al. 2003).
Since invasion resistance is controlled by similar resource use mechanisms in 
plant and microbial communities (e.g., Fargione and Tilman 2005, Mallon et 
al. 2015), it is plausible to hypothesize that microbial invaders could also impact 
the taxonomic and niche structure of microbial communities via resource 
competition. Interestingly, a large dichotomy between macro and microbial 
invasions is that the former are often studied when invaders are successful, 
displaying growth, spreading among the invaded community, and making up a 
large portion of community biomass. Microbial invasions, in contrast, are often 
examined in systems where invaders fail to become autochthonous members 
of the resident community, even when diversity is compromised. For instance, 
although in situ studies have tracked the survival of Escherichia coli and Listeria 
monocytogenes for extended periods of time, in some cases up to 95 days, invader 
survival is higher in less diverse treatments but still follows a progressive decline 
(van Elsas et al. 2012, Vivant et al. 2013, Mallon et al. 2015). This begs the 
larger questions of whether invasion impacts can be witnessed in such a systems 
where invasions are ultimately unsuccessful. As such, a better understanding 
of what occurs between an invader’s arrival and eventual elimination from the 
community is needed to better understand the microbial invasion process.
This purpose of this study was thus to assess any potential impacts of a 
microbial invasion. We used soil microcosms to achieve this aim, creating 
two different diversity gradients from two different source soils, each of which 
was inoculated into the same sterile soil matrix and later invaded with a 
non-pathogenic derivative of Escherichia coli O157:H7. The potential impacts 
of invasion were assed by measuring four community and bacterial-related 
parameters of each community before and after invasion: (i) alpha diversity, 
(ii) taxonomic structure, (iii) niche breadth, and (iv) niche structure. The 
former two parameters were assed via 454 pyrosequencing for 16S rRNA 
genes of each community. Niche breadth, defined as the number of different 
resources used, and niche structure, defined as the patterns of resource use, 
were assessed by measuring the metabolic activity of microbial communities 
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across an array of 71 carbon sources. The potential impacts were calculated as 
the changes and shifts in each of these parameters before and after invasion.
Methods
Soil, microcosms, experimental setup, and design
Microbial community inocula were prepared by making an initial 1:2, 
soil:water mixture for two source soils: Wildekamp (W) soil and Buinen (B) 
soil. Both soils were sandy soils, presenting the following physiochemical 
characteristics (e Silva, Michele C Pereira et al. 2011). The W soil had a 
pH of 4.73, 4.60 % organic matter, 80.6 mg/kg dissolved organic carbon, 
44.2 mg/kg N-NO3, and 11 mg/kg N-NH4. The B soil had a pH of 4.36, 
3.76 % organic matter, 215 mg/kg dissolved organic carbon, 77.6 mg/kg 
N-NO3, 10.46 mg/ kg N-NH4 mg/kg. We used two physiochemically dif-
ferent soils, and therefore two diversity gradients, to increase the variability 
of community composition at each level of diversity. The pH of sterilized 
W soil (the sterile soil matrix for this experiment) was adjusted to pH 7 
via the addition of Ca(OH)2 before dilution steps were inoculated. Soil 
solutions were 1:10 serially diluted in sterile water up to the 10-6 factor, 
and the 10-1, 10-3, and 10-6 dilution steps were inoculated into sterilized W 
soil. We also added a treatment of sterile soil, resulting in a total of four 
diversity treatments. Each microcosm was inoculated with 2.9 mL of soil 
dilution or (for controls) sterile water, bringing the soil moisture to 65% of 
the water holding capacity (WHC). After inoculation of the dilutions, the 
microcosms were incubated for 79 days in order to establish comparable 
soil bacterial abundances. The soil moisture content was checked weekly 
and maintained at 65% of the WHC until the inoculation of the invader. 
We refer to the diversity gradients throughout the text as either the W or B 
gradients and each diversity treatment of a gradient may be written as W-1, 
B-1, W-3, B-3, W-6 and B-6. The experiment was designed for 6 destructive 
samplings at days 0, 5, 11, 18, 28, and 75, using three replicates for each 
treatment at each date. This comprised a total of 126 soil microcosms (i.e. 
3 dilution levels × 2 inoculums × sampling 6 dates × 3 replicates + [3 ster-
ile soil controls × 6 sampling dates]). Although we practiced destructive 
sampling throughout the experiment, we did re-measure non-invaded flasks 
from day 0 at day 28, in addition to the planned day 28 sampling, in order 
to evaluate the effect of incubation on niche breadth and structure. These 
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flasks were never inoculated with E. coli and simply called “non-invaded 
controls” or “controls.” We also saved and stored ~ 2 g of soil at – 20 o C 
from each flask at every sampling for downstream molecular analysis.
Total bacteria enumeration, invader introduction,  
invader enumeration
In order to assure that microcosms had reached an equal number of cells per 
gram of soil before invasion, total culturable bacteria were checked by dilution 
plating on Trypticase Soy Agar (TSA) using microcosms from day 0. Total 
culturable bacteria were also checked after invasion (day 28) and in the non-in-
vaded controls at day 28. Plates were counted after 4 days of incubation at 28oC.
E. coli O157:H7 non-pathogenic derivative strain Tn5 luxCDAEB, 
which has been used in previous studies to examine the diversity-invasi-
bility relationship in soil (see van Elsas et al. 2007, van Elsas et al. 2012) 
was introduced into the soil microcosms at a level of 5 × 107 cells/gram 
soil. This raised the soil moisture content to 75% of the WHC, which 
was kept constant by weekly additions of sterile water until the end of the 
experiment. Invader survival was tracked via selective dilution plating on 
TSA supplemented with rifampicin (10 μg/mL) and kanamycin (50 μg/
mL), both antibiotics to which E. coli harbored a resistance.
At 28 days after invasion, E. coli colonies growing on the selective 
medium that were used for counting purposes were regrown by streaking 
them on TSA supplemented with the antibiotics and incubating them at 
37oC. At least five colonies from each treatment were reisolated and stored 
at -80oC in glycerol. These colonies were used for tests to eliminate any 
bias that may have occurred as a result of E. coli’s potential adaptive and 
metabolic evolution, thereby confounding niche quantifications.
Soil DNA extraction, 16S rRNA library preparation,  
and multiplexed pyrosequencing of the 16S rRNA gene
DNA was extracted using 0.5 g of soil with the powersoil DNA extraction 
kit (MOBIO, Carlsbad, California, USA) according to the manufacturer’s 
instructions, except that 0.25 g of 1 mm glass beads were added in the first 
step in order to aid in cell lysis. DNA concentration was quantified using 
PicoGreen dsDNA assay (Invitrogen, Paisley, UK).
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PCRs for the bacterial 16S rRNA gene from the 10-1, 10-3, and 10-6 treat-
ments from both gradients collected on Day 0, Day 11, and Day 28 (a total 
of 27 samples) were prepared for 454 pyrosequencing. (Day 11 sequences 
were only used in one instance to compare the taxonomic shifts between Day 
0 and Day 28.) Extracted DNA from these sampling days was amplified in a 
PCR reaction using forward primer ( 5’-TGYCAGCMGCCGCGGTA-3’) 
and reverse primer (5’-TCACGRCACGAGCTGACG-3’) with a unique 
10 base pair bar code for each sample. One 25 µl PCR reaction contained 
2.5 µl of 10X PCR Buffer, 1.8 µl of 25 mM MgCl2, 0.5 µl of dNTPs, 0.25 
µl of 20 mg/mL Bovine Serium Albumin, 0.5 mM of each primer with 
an initial concentration of 10 uM, and 0.25 µl of high fidelity taq poly-
merase (Roche Diagnostics GmbH, Mannheim, Germany). The reaction 
was topped off with water to reach 25 µl. The PCR reaction began with 
an initial denaturing step for 5 minutes at 95oC, followed by 30 cycles of 
denaturation for 40 seconds at 95oC, annealing for 45 seconds at 60oC, 
and elongation for 30 seconds at 72oC. The reaction was completed with 
a final elongation step of 10 minutes at 70oC.
PCR products were visualized under ultraviolet light in a 2.5% agarose 
gel that had run for 5 hours at 70 volts and was then stained with ethidium 
bromide. The 16S rRNA gene bands were excised from the gel, and DNA 
was extracted and purified using the QUIquick Gel Extraction Kit according 
to the manufacturer’s instructions (Quiagen GmbH, Hilden, Germany). 
DNA quantity of purified PCR products were then quantified using the 
PicoGreen dsDNA flourescece assay (Invitrogen, Paisley, UK). Samples were 
then equimollarly pooled in two separate libraries and sent for sequencing to 
the Beckman Coulter Genomics facility (Danvers, MA, USA) for sequencing 
on the Roche GS-FLX pyrosequencer with titanium chemistry.
Sequence processing
Raw pyrosequencing data was analyzed using Quantitative Insights Into 
Microbial Ecology toolkit (QIIME, (Caporaso et al. 2010). Sequences were 
demultiplexed and filtered using the following parameters: quality score >25, 
sequence length >300 and <900 base pairs, homopolymer max length of 
6, no ambiguous bases, and no mismatched bases in the primer Data were 
denoised with Denoiser (Reeder and Knight 2010). Sequences meeting these 
requirements were then binned into operational taxonomic units (OTUs) at 
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a level of 97% of sequence identity using UCLUST (Edgar 2010). Chimeras 
were identified and removed using ChimeraSlayer (Haas et al. 2011). The 
Greengenes coreset (Desantis et al. 2006) was used to align sequences (one 
representative sequence for each binned taxa) using PyNAST (Caporaso et al. 
2010). Sequences were classified using the Greengenes taxonomy via Ribosomal 
Database Project classifier (Wang et al. 2007). Gaps in the alignment were elim-
inated and a de novo phylogenetic tree was constructed using FastTree (Price et 
al. 2009). For further analyses and in order to minimize sampling effects, the 
master OTU table was rarefied to 2000 sequences per samples, which was the 
fewest sequences found in a single sample. Rarefaction curves are provided to 
visualize sampling and diversity estimates (Appendix N).
Bacterial community diversity and structure
The QIIME toolkit was used to estimate community alpha diversity, specifically 
the metrics OTU richness and phylogenetic diversity. In QIIME, phyloge-
netic diversity is based of Faith’s phylogenetic diversity measurement (Faith 
1992). Species evenness, another metric of alpha diversity, was estimated using 
the master OTU table to calculate the Evar evenness index (Camargo 1993). 
Variation in taxonomic structure (i.e., beta diversity) was assessed by calculating 
the bray-curtis dissimilarity between communities and visualizing these differ-
ences via non-metric multidimensional scaling (nMDS). In order to identify 
those taxa most affected by shifts before and after invasion, we carried out a 
similarity percentages analysis (SIMPER) carried out in the R package ‘vegan’ 
(Oksanen et al. 2007). This analysis identities those OTUs that most contribute 
to taxonomic differences between communities. Furthermore, SIMPER results 
were filtered only to include only OTUs whose relative abundance had altered 
(either increased or decreased) at least 1% upon invasion and were found in at 
least two diversity treatments across both gradients. For our purposes, we use 
the word ‘taxa’ to refer to a group of bacteria assigned to a particular OTU.
Niche breath and niche differentiation
The niche breadth – the number of resources used by a given community 
– and niche structure – the changes in the patterns of resource use – were 
assessed by measuring the metabolic activity of microcosms across an array 
of 71 carbon sources. We consider each carbon source a (potential) niche 
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and refer to it as such in the manuscript. The substrate utilization over 
the 71 different niches was measured at day 0 (non-invaded soil; before 
E. coli inoculation) and at day 28 (invaded soil; after E. coli invasion) for 
all diversity treatments of both gradients. We also measured substrate uti-
lization of the non-invaded controls at day 28 (i.e., the flasks measured at 
day 0 were remeasured at day 28, having never been invaded with E. coli). 
Specifically, all of these measurements quantified the amount of growth and 
respiration on each carbon source, and this was performed by inoculating 
soil communities into the Biolog GEN III microtiter plate in accordance 
with Biolog’s high cell density phenotypic microarray protocol (Biolog, 
Hayward, California, USA) . Briefly, 2 mL of a 1000 times soil dilution in 
sterile water was mixed with 8 mL of Biolog’s IF-0a inoculation fluid, 0.12 
mL of biolog Dye D, and 1.88 mL of sterile water to inoculate one GEN 
III plate with 100 µl/well. Assays were done in duplicate and measured 
every 15 minutes for 48 hours at 23 ˚C using Biolog’s Omnilog machine. 
For each substrate, the amount of growth and respiration is measured by 
calculating the area under the consumption rate curve at the end of 48 
hours; the units are coined ‘omnilog units,’ which are absorbance values 
calculated from readings of color intensity that are scaled with microbial 
activity. Data for each Biolog plate were normalized independently by the 
maximum value of each plate.
In order to assess whether any potential evolution of the invader could 
have contributed to new niche usage upon invasion, the resource use profiles 
of preserved E. coli colonies that were isolated at day 28 were compared to 
that of the ancestral invader. Briefly, five reisolated E. coli colonies from each 
diversity treatment were pooled at equal cell concentrations and inoculated 
onto the GEN III plate using Biolog’s Inoculation Fluid B, all in accor-
dance with the manufacturer’s instructions (Biolog, Hayward, California, 
USA). Ancestral E. coli was also inoculated onto the GEN III plate using 
Inoculation Fluid B. Two replicate plates were used and the duration, fre-
quency, and temperature of the readings were the same as soil communities 
(described above). Data were also normalized independently by the maxi-
mum value of each plate.
The niche breadth was measured simply by tallying the number of 
substrates that displayed microbial activity. Niche structure was assessed 
by analyzing the community’s resource use profile. Using normalized data, 
niche structure was visualized using principal component analysis (PCA) 
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plots that were generated in PRIMER (Clarke and PRIMER 2006). In 
order to specifically investigate the impacts of invasion, we calculated the 
bray-curtis dissimilarity of niche structure before and after invasion for 
each community. As a whole, niche breadth and structure are portrayed 
from two angles. On the one hand, we examined soil communities using 
only the niches the resident taxa were able to use, which amounted to 35 
of 71 total niches, and named them “community-exclusive niches.” On the 
other hand, we examine resident taxa, as well as the ancestral and isolated 
strains of E. coli, over the “total” array of 71 niches. Besides eliminating 
the potential bias of enhanced metabolic evolution of the invader, this also 
allowed us to examine niche breadth and structure of the community in 
conjunction with the invader.
Statistical analyses
Independent t-tests were used to examine differences of alpha diversity, sub-
strate degradation, and bray-curtis dissimilarity measures. Analysis of Similarity 
(ANOSIM) tests were performed to examine shifts in bacterial community 
structure and niche differentiation; these analyses were carried out using the 
PRIMER-E software (Clarke and PRIMER 2006). Mantel tests were used to 
examine the relationship between taxonomic structure and niche structure. 
These correlations were done use matrices that contained all observed OTUs 
and the entire array of 71 carbon sources, as well as the relationship between 
emerging OTUs upon invasion and the emergence of newly occupied niches. 
Mantel tests were carried out in R software using the vegan package (Oksanen 
et al. 2007). One-way and two-way analysis of variance (ANOVA) were used 
to examine differences in E. coli survival stemming from time, richness, and 
gradient; this was carried out in the base R package (Team 2014).
Results
Total culturable bacteria
Before invasion of E. coli, total culturable bacteria was stable between all 
diversity treatments and both diversity gradients, reaching a mean in the W 
gradient of 1.36 × 108 CFU/g soil and a mean of 1.29 × 108 CFU/g soil in 
the B gradient (Appendix K). A two-way ANOVA found the factors gradient 
(ANOVA, F(1,6) = 0.187, P = 0.681), diversity treatment (ANOVA, F(2,6) = 
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4.065, P = 0.077), and their interaction (ANOVA, F(2,6) = 0.146, P = 0.868) 
unable to explain any variation seen in total cultural bacteria, indicating dilu-
tion inocula from both source soils similarly colonized the sterile soil matrix.
Some changes of total cultural bacteria were observed throughout the 
course of the experiment when considering all three sampling dates. The 
total culturable bacteria between gradients remained similar (ANOVA, F(1,34) 
= 0.038, P = 0.847), but there were significant differences in diversity treat-
ment (ANOVA, F(2,33) = 8.15, P < 0.05) and sampling day (ANOVA, F(2,33) 
= 5.42, P < 0.05). Post hoc testing revealed that differences in sampling day 
were due to a significantly lower amount of total bacteria in the non-invaded 
controls relative to communities before and after invasion (Tukey’s Test, P 
< 0.05); however, total bacteria before and after invasion were statistically 
similar (Tukey’s Test, P > 0.05). Post hoc tests also revealed that differences in 
diversity treatment were due to a statistically higher culturable bacteria in the 
10-6 communities relative to the 10-1 and 10-3 communities (Tukey’s test, P < 
0.05); the 10-1 and 10-3 communities were statistically similar (Tukey’s Test, 
P > 0.05). Given that that total culturable bacteria was highest in the 10-6 
treatments, where E. coli survival was highest, and the fact that differences in 
sampling day stemmed from the non-invaded control, fluctuations in total 
culturable bacteria were not a confounding factor in the experiment.
Invader survival
Invader survival in the B gradient presented a similar result as previously 
observed for the W gradient (Appendix L; see Mallon et al. 2015 for W 
gradient results). Briefly, invader survival in the B community was highest 
in the sterile soil and was followed by the 10-6 treatments. Survival was 
lowest in the 10-1 and 10-3 treatments, which had statistically similar levels 
of E. coli survival. The survival patterns were statistically similar between 
both gradients, as evidenced by the lack of interaction between the factors 
diversity treatment (i.e., 10-1, 10-3, or 10-6) and gradient (ANOVA, F(2,84) = 
0.004, P = 0.996) when performed in a two-way ANOVA.
Alpha diversity
Observed OTU richness and phylogenetic diversity tended to be higher 
after rather than before invasion, and many but not all of these trends were 
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signifi cant. OTU richness tended to increase upon invasion, but these 
increases were only signifi cant in the W-6 community (T-tests, P < 0.05; 
Fig. 5.1a). Phylogenetic diversity stood out because all diversity treatments, 
except B-1 and B-6, were signifi cantly higher upon invasion (Fig. 5.1b; 
T-tests, P < 0.05). Signifi cant increases were also observed for Evar’s even-
ness measurements in treatments W-6 and B-1 (Appendix M, T-tests P < 
0.05). Never did any measure of alpha diversity signifi cantly decline upon 
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Figure 5.1. Alpha diversity increases upon invasion. Observed OTU richness (a) and 
phylogenetic diversity (b) measured via 16S rRNA gene sequencing before (day 0) and 
after (day 28) invasion. Bars represent the standard error of the mean.
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Taxonomic structure of bacterial communities shifts upon invasion
In both gradients the taxonomic structures were significantly different 
before and after invasion, indicating a shift upon invasion (Figs. 5.2a,b; 
W Gradient, ANOSIMbefore vs. after , R = 0.15, P = 0.0039; B Gradient: 
ANOSIMbefore vs. after, R = 0.12, P = 0.03). It was apparent that as early as 
sampling day 11 the communities’ structures had shifted in each gradient. 
In the W and B gradients, there were significant differences in community 
structure before invasion and 11 days post invasion (W: ANOSIMbefore vs. Day 
11, R = 0.308, P = 0.001; B: ANOSIMbefore vs. Day 11, R = 0.247, P = 0.005).
The impact of taxonomic shifts were quantified by measuring the 
bray-curtis percent dissimilarity between communities before and after 
invasion, which indicated that the impacts were differentially felt in both 
10-6 communities (Fig. 5.2c). Although independent T-tests indicated 
there were significant differences between all treatments of both gradients 
(T-tests, P < 0.05), the percent dissimilarity in the W-6 and B-6 treatments 
were 73.95% and 70.15%, respectively, and this was much higher than the 
range of 31.32% to 47.34% percent dissimilarity among the 10-1 and 10-3 
communities, respectively.
Among all diversity treatments of both gradients,  
similar taxa decrease and increase upon invasion
A similarity percentages analysis (SIMPER) found seven taxa whose relative 
abundance decreased at least 1% in at least two diversity treatments across 
both gradients (Figs. 5.3 a-f ). Among the seven taxa, an OTU assigned 
to Bacillus sp. was the most affected by the invasion of E. coli, decreasing 
in five of the six treatments, and the decline of this OTU ranged from 
25% in the B-1 community to 3% in the W-6 community. An OTU affili-
ated to Arthrobacter sp. was the second most affected, declining in four of 
six treatments; the largest, 29% decline occurred in the W-6 community, 
and the lowest, 2 % decline in the W-3 community. An OTU affiliated to 
Oxalobacteraceae was also affected in three of the six treatments. OTUs 
assigned to Lysinibacillus sp., Caulobacteraceae, Paenibacillus sp., and 
Burkholderia sp. were affected in two of the six treatments.
We also observed a group of ten taxa whose relative abundance increased 
more than 1% in at least two treatments of both gradients upon invasion 
(Figs. 5.4 a-f ). OTUs related to Cupriavidus sp. and Alphaproteobacteria 
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increased in four of six treatments, whereas OTUs affi  liated with 
Pseudomonas and Solirubrobacterales decreased in three of six treatments. 
OTUs related to Xanthomonadaceae, Rhodoplanes sp., Burkholderia sp., 
Enterobacteriaceae (the E. coli OTU), Bradyrhizobium sp., and a Gemmata 




































































after invasion (Day 28) 
before invasion (Day 0) 
(c) 
after invasion (Day 28) 
before invasion (Day 0) 
Figure 5.2. Invasion results in a shift of bacterial taxonomic structure. Comparison of 
taxonomic structure before (day 0) and after (day 28) invasion across all diversity treatments, 
as measured by examining their 16S rRNA gene structure with non-metric multidimensional 
scaling. Panels (a) and (b) represent samples from the W and B gradients, respectively. 
Th e impact of shifts in community structure following invasion computed as the percent 
dissimilarity between non-invaded and invaded communities is presented in (c).
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Increase in niche breadth upon invasion
When examining the total array of 71 niches, invaded communities used 
a statistically higher number of niches than communities before invasion 
and in the controls (Fig. 5.5a; ANOVA, F(2,51) = 15.33, P < 0.0001; Tukey’s 
post hoc, P < 0.05). Th is eff ect was preserved when we examined com-
munity-exclusive niches (Fig. 5.5b; ANOVA, F(2,51) = 21.91, P < 0.0001; 

















































































Figure 5.3. Decrease of infl uential taxa upon invasion. (a) through (f ) depict the 
decrease of the most infl uential taxa across all treatments, as identifi ed by a similarity 
percentages analysis. Each colored line is representative of the closest related genus, order, 
or family to which each taxon (i.e., OTU) was assigned.
1 0 4  |   S O I L  M I C RO B I A L  I N VA S I O N S
respective communities before invasion, both when considering all potential 
niches and those exclusive to the community (Tukey’s post hoc, P > 0.05).
Across the total array of 71 niches, the increase of niche breadth was 
attributed to the utilization of new niches that were not used before inva-
sion. Th ere were, on average, 16 new niches in the W-1 and W-3 treatments, 
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Figure 5.4. Increase of infl uential taxa upon invasion. (a) to (f ) depict the increase of 
the most infl uential taxa across treatments, as identifi ed by a similarity percentages analysis. 
Each colored line is representative of the closest related genus, order, or family to which 
the taxon (i.e., OTU) was assigned.
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respectively. Th e increases in the W-6 and B-6 communities were striking, where 
53.7 and 48.7 newly used niches, respectively, were observed. Th rough the 
dichotomy of “total” niches and “community-exclusive” niches, we found that 
between 67% and 75% of the newly utilized niches in the 10-1 and 10-3 treat-
ments of both gradients were attributed to resident individuals rather than the 













































“Community-Exclusive” Niche Breadth 
 
W-1 W-3 W-6 B-1 B-3 B-6 
(a) 
(b) 
Before Invasion (Day 0) 
After Invasion (Day 28) 
Non-Invaded Control (Day 28) 
W-1 W-3 W-6 B-1 B-3 B-6 
Before Invasion (Day 0) 
After Invasion (Day 28) 
Non-Invaded Control (Day 28) 
Figure 5.5. Niche breadth increases upon invasion. Niche breadth was measured before 
(day 0) and after invasion (day 28), as well as in controls. Panel (a) shows the breadth of 
communities considering the 71 “total” niches. Panel (b) shows the breath of communities 
considering the 35 “community-exclusive” niches. Bars represent standard error of the mean.
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was highlighted by the striking increase of an average of 53.7 and 48.7 newly 
utilized niches in the W-6 and B-6 community, respectively. 45% and 43% of 
these newly occupied niches were “community-exclusive” and due solely to the 
presence of resident taxa in the W-6 and B-6 communities, respectively.
Niche displacement upon invasion
Principal component analysis revealed that among all communities, inva-
sion caused the “community-exclusive” niche structure to shift (Fig. 5.6a; 
ANOSIMbefore vs. after, R = 0.427, P = 0.001). Control communities were 
also statistically similar to communities before invasion (ANOSIMbefore vs. 
controls, R = -0.032, P = 0.807) and statistically different to communities 
after invasion (ANOSIMafter vs. controls, R = 0.386, P = 0.001). This impact of 
invasion was differentially felt in the 10-6 communities of both gradients, as 
their percent dissimilarity before and after invasion was significantly larger 
than the 10-1 and 10-3 communities (Fig. 5.6b; T tests, P < 0.05). These 
trends were echoed when the differences between invaded communities and 
non-invaded controls were compared (T tests, P < 0.05).
Furthermore, the displacement of niche structure could not be 
attributed to any potential metabolic evolution of the invader (Figs. 5.7a,b). 
This was evidenced by the large variation and statistical difference between 
the isolated and ancestral E. coli strains against all soil communities when 
examined over the entire array of 71 carbon sources (ANOSIM; W gradient, 
R = 0.826, P = 0.001; B gradient, R = 0.861, P = 0.001). Interestingly, these 
analyses revealed a pattern whereby invaded communities of both gradients 
became more similar to the invader after invasion.
Taxonomic and niche structure are linked
There were strong and significant correlations between bacterial community 
structure and niche occupancy in both W and B gradients, as indicated by 
Mantel Tests between the two parameters (Table 5.1a). These correlations 
were also strong and significant when the diversity treatments of both gra-
dients were considered in tandem (e.g., W-1 and B-1), except in the W-6 
and B-6 communities. These trends were mirrored when we examined the 
relationship between those OTUs that were found to increase upon invasion 
and newly degraded substrates (Table 5.1b).
I M PA C T S  U P O N  I N VA S I O N   |  1 0 7
Figure 5.6. Invasion results in a shift of “community-exclusive” niche structure. Panel 
(a) depicts the PCA ordination of the 35 “community-exclusive” niches before invasion 
(day 0), in the controls (day 28), and after invasion (day 28). Th e percent dissimilarly, 
measured with the bray-curtis metric, indicates the diff erence between the non-invaded 
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Figure 7 
Ancestral E. coli 
E. Coli isolated from 10 -1 E. Coli isolated from 10 -6 
E. Coli isolated from 10 -3 
After Invasion 10 -6 
After Invasion 10 -3 
After Invasion 10 -1 
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Before Invasion 10 -3 
Before Invasion 10 -1 
W Gradient with reisolated E. coli 
B Gradient with reisolated E. coli 
PC1 - Percent variation explained 44.6 % 
Figure 5.7. Invasion results in a shift of “total” niche structure. Panels (a) and (b), for 
gradients W and B, respectively, represent the niche structure of all tested communities, 
as well as those of the ancestral and reisolated E. coli, across all 71 niches.
I M PA C T S  U P O N  I N VA S I O N   |  1 0 9
Discussion
Previous work has shown that microbial community structure will influ-
ence the survival of a microbial invader via differential antagonistic or 
competitive abilities of resident taxa relative to the invader (Garbeva et 
al. 2004, van Elsas et al. 2012, Ma et al. 2013, Yao et al. 2014). Of these 
studies, only one has tracked the temporal response of the community 
upon invasion and, by using phospholipid fatty acid analysis, shown that 
the amount of Gram-negative and Gram-positive bacteria will decrease 
and increase, respectively (Yao et al. 2014). Here, we dig deeper into the 
community’s response to invasion and report that the impacts of an inva-
sion tend to scale with biological diversity. We found that the taxonomic 
and niche structures of the communities were significantly different upon 
invasion, and their respective shifts were largest in the 10-6 communities 
where diversity was most compromised. Furthermore, the niche breadth 
of “total” and “community-exclusive” niches increased upon invasion, and 
these increases were the largest in the 10-6 communities. Although there was 
no clear influence of diversity treatment, the alpha diversity of all treatments 
did increase. It is important to note that alterations and shifts were probably 
not due to the invader’s potential death and, therefore, subsequent release 
of resources. This is because, in the case of taxonomic structure, shifts were 
Table 5.1. The relationship between taxonomic and niche structure. (a) represents the 
correlation between the 16S rRNA gene sequences detected via 454 pyrosequencing and 
all “total” niches used before and after invasion. (b) represents the correlation between 
only those taxa found to increase upon invasion and the newly occupied niches upon 
invasion. Mantel tests were used to calculate Rho, the strength of the correlation, using 
spearman’s correlation.
Table 5.1a Table 5.1b
Rho Sig. Rho Sig.
W 0.770 <0.001 W 0.793 <0.001
B 0.713 <0.001 B 0.478 0.0014
W-1 & B-1 0.329 0.029 W-1 & B-1 0.379 0.009
W-3 & B-3 0.664 <0.001 W-3 & B-3 0.413 0.022
W-6 & B-6 0.120 0.094 W-6 & B-6 0.132 0.206
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already observed at 11 days after invasion when invader density was still 
high. In the case of niche structure, analyses of all seventy-one “total” niches 
indicated that invaded communities did not significantly overlap with that 
of the ancestral E. coli, nor was there any (metabolic) evolution of E. coli 
strains reisolated 28 days post-invasion.
Of the greatest significance when interpreting these results is the novel 
perspective gained when examining the entire process of a microbial inva-
sion: never in this study was an E. coli invasion successful, meaning that 
it did not manage to become an autochthonous member of the resident 
community. Still, despite the trends indicative of invader death and defeat, 
impacts to resident communities’ phylogenetic and niche structures were 
observed. This is in stark contrast to the broader field of invasion science 
where patterns, mechanisms, and impacts are quantified only when invaders 
have become successful, growing and sustaining a viable population in the 
introduced range. For instance, many of the seminal works on invasion 
theory have come from plant studies (e.g., Kennedy et al. 2002, Fargione 
and Tilman 2005, Davis and Pelsor 2001) and the metric of an invader’s 
success is its biomass, thereby implying growth of an invading seed or seed-
ling that maintains a stable existence in the resident community. There is 
therefore a fundamental dichotomy between the process and outcome of 
macro and microbial invasions because invasion attempts of the latter type 
will still cause impacts.
The observed impacts were likely driven by resource competition 
between the invader and residents, and this resulted in the selection of 
bacterial taxa to exploit niches inaccessible to the invader. There are several 
signatures that support this claim. A deeper analysis of those taxa most 
responsible for the taxonomic shifts exposed seven OTUs that had similarly 
declined across several or all communities. Of those seven OTUs, their ini-
tial abundance ranged from 2% to 37% of the total community, indicating 
their initial dominance and increasing their probability of contact with the 
E. coli upon invasion. The parallel declines suggest similar niche preferences 
between those seven taxa and E. coli, of which the latter was competitively 
superior. At the same time, nine taxa were found to increase upon invasion, 
and these taxa were significantly correlated with the emergence of newly 
occupied, community-exclusive niches. This utilization of new niches may 
have been due to a competitive release mechanism, whereby the decline 
of some resident taxa upon invasion alleviated the competitive pressure on 
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rare or subordinate taxa. This suppression would then have allowed these 
populations better explore their full metabolic potential. Assembling the 
rest of the puzzle, this would also explain the increases of alpha diversity, 
since the increase of subordinate or rare taxa would merely increase evenness 
of communities and our ability to detect more taxa via 454 pyrosequencing. 
Such a competitive release mechanism has been witnessed on a small-scale 
when the invasion of Limnohabitans planktonicus reduced the abundance of 
dominant Aeromonas sp., Hydrophila sp. and Brevundimonas sp., resulting 
in increases of previously rare Arthrobacter agilis and Flavobacterium sp. 
(Hornak and Corno 2012). Our results indicate a larger cascading respose 
in communities with realistic levels of taxonomic richness.
Evoking resource competition as the mechanism that drove impacts also 
implies that E. coli grew in the soil. A myriad of studies have examined E. 
coli’s survival in soil (e.g., Semenov et al. 2008, van Elsas et al. 2007, van 
Elsas et al. 2012, Wang et al. 2014) and (in the absence of a resource pulse 
or completely sterile environment) only rarely has growth been detected 
(Ishii et al. 2006). Thus, the growth and competition that caused impacts 
was likely masked behind the cloak of E. coli’s progressive decline and not 
enough to detect amongst the greater death of the population. These results 
are striking in light of E. coli’s broad ecological strategies—mainly that it’s 
preferred, primary environment is the vertebrate intestinal tract where many 
abundant mono and disaccharides support growth (Hoskins et al. 1985). 
This is in contrast with resource-depleted and harsh environment of the soil 
(van Elsas and Jansson 2007). In fact, upon invasion E. coli has previously 
been though to survive only a limited time, maintaining a population in a 
starvation state or perhaps even entering a viable but non-culturable state, 
in the soil in hopes of getting transferred back to a new vertebrate host 
in order to continue its lineage (Winfield and Groisman 2003, Savageau 
1983). However, our results indicate that E. coli appears to maintain some 
semblance of an r-strategist lifestyle when invading secondary, external envi-
ronments like soil. It has recently been shown that different genotypes of 
E. coli will survive longer in soil depending on their niche preferences (Ma 
et al. 2015), and across the E. coli species complex there is a large variation 
in the ratio between stress response and nutrient uptake genes (Ferenci 
2005). For the O157:H7 and other forms, future experiments that aim 
to quantify such genes and their expression in both habitats could reveal 
evolved forms that truly exemplify a biphasic lifestyle, capable of growing 
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in both the primary (gut) and external (soil or water) environment. Such 
organisms may be characteristic microbial invaders.
In effect, although E. coli appears to displace dominant taxa in the com-
munity, the community seemingly displayed a buffer response by maintaining 
its level of alpha diversity and even increasing its capability to use more 
niches. In the natural world, rare, subordinate, potentially active, or even dor-
mant bacterial taxa are thought to serve as reservoirs or “seed banks” that can 
help maintain community functioning in the face of change or disturbance 
(Aanderud et al. 2015, Blagodatskaya and Kuzyakov 2013). Our results indi-
cate that rare or subordinate taxa aided in the colonization of niches that were 
not occupied before invasion. Thus, such organisms may also play a crucial 
role following invasion since they contributed to an increased niche breadth, 
suggesting an enhanced functional capacity of invaded communities. Previous 
work on plant communities has shown also increased productivity, as mea-
sured by plant biomass, upon invasion (Zavaleta and Hulvey 2004, Maron 
and Marler 2008). However, the functional outcome of invaded microbial 
communities is still subject to question. For one, our niche measurements are 
merely proxies for potential activity in the soil, and future experiments should 
pair these measurements with specific functions, such as carbon mineraliza-
tion or nitrification. Also, one study using different Pseudomonas fluorescens 
genotypes to create communities and their invaders has shown that commu-
nity productivity, as measured by cell and community biomass, can increase 
or decrease depending on the positive or negative interactions between the 
invader and residents (Hodgson et al. 2002). Furthermore, negative antago-
nistic interactions in a separate set of P. fluorescens genotypes have also caused 
self-poisoning of the resident microbial community and decreased invasion 
resistance (Jousset et al. 2011), further complicating the story between inva-
sion and the community’s functional capability. It is likely that as long as there 
is niche space, invasion has the potential to increase functioning. However, 
since each invasion is likely be between unique invaders and residents, func-
tional impacts should be examined in an ad hoc basis.
In conclusion, species richness, resource use, and resource availability 
have recently been shown to be key factors that mediate the degree of 
a community’s invasion resistance (Mallon et al. 2015), but our current 
results tie invasion impacts and invasion resistance to the same resource 
use mechanism and suggest that both are not static but rather dynamic 
properties of microbial communities. An interesting question that results 
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from our findings is whether E. coli was able to condition the community 
to use resources other than its own preferred niches and, therefore, whether 
the resource use mechanism of invasion resistance was altered. Although 
our data could not permit us to separate to what extent resources under 
competition were either “won” by E. coli and “lost” by the community, a 
similar experiment that subjects the same community to multiple, succes-
sive invasions could provide evidence as to whether microbial invasions are 
successful after multiple attempts. Should this hypothesis prove true, prac-
tical applications that involve invasions, such as biocontrol, biofertalizer, 
and probiotic treatments, could be enhanced by multiple invasion attempts 
that are optimized to result in successful invasions.

